R merge ϭ ⌺ hkl ⌺ j |I j (hkl) Ϫ ϽI(hkl)Ͼ|/⌺ hkl ⌺ j ϽI(hkl)Ͼ, where I j (hkl) and ϽI(hkl)Ͼ are the intensity of measurement j and the mean intensity for the reflection with indices hkl, respectively. R factor, free ϭ ⌺ hkl |F calc (hkl)| Ϫ |F obs (hkl)||/⌺ hkl |F obs |, where the crystallographic R factor is calculated including and excluding reflections in the refinement. The free reflections constituted 4% of the total number of reflections. RMSD, root mean square deviation. I/(I), ratio of mean intensity to a mean standard deviation of intensity. a The data for the highest resolution shell are shown in brackets. b The water molecules were added by the standard alternating cycles of the water pick (water molecules were picked at 3 level in the difference |F obs Ϫ F calc | ED map) and water delete (water molecules with correlation coefficients less than 0.45 and peak heights less than 1.25 in the |2F obs Ϫ F calc | ED map were deleted) procedures. The water molecules were added until R free dropped by less than 0.5% at the last cycle. A relatively large number of water molecules may account for a large solvent content of the crystal ‫)%77ف(‬ and also for very mild, nearly physiological, conditions at which crystals were grown that might allow better specific hydration of the RNAP molecules. c The water molecules with low B factor values (Ͻ 20 Å 2 ), characterized by more than 5 level in the |2Fo-Fc| ED map, and having at least one oxygen ligand were converted into Mg 2ϩ ions.
and ) in complex with ppGpp has been determined at was negligible. Only the structure with the different ppGpp orientations provided good omit ED for the 2.7 Å resolution and refined to a final R factor of 18.6% (R free ϭ 26.6%) ( Table 1) . ppGpps in both RNAP molecules ( Figures 1A-1C) . Also, when both ppGpps were modeled in either the 5Ј or 3Ј Unambiguous electron density (ED) was observed for ppGpp in the |F ppGpp Ϫ F nati | difference map produced orientation, the omit ED for the base moieties was poor in RNAP2 or RNAP1, respectively (Supplemental Figafter complete refinement (including water molecules) of the RNAP structure using RNAP/ppGpp complex data ures S2A-S2D). in the absence of ppGpp. F ppGpp and F nati are the structural factors of the RNAP/ppGpp complex and RNAP alone, Overall Structure There are no large conformational changes in RNAP respectively (see Supplemental Figures S1A and S1B at http://www.cell.com/cgi/content/full/117/3/299/DC1). structure induced by the ppGpp binding. Only slight interdomain movements are observed in the RNAP/ This ED clearly indicated that a single ppGpp molecule binds to each of the two independent RNAP molecules ppGpp complex as compared to the apoholoenzyme , whereas intradomain structures (designated as RNAP1 and RNAP2) in the asymmetric unit of the crystal. However, modeling showed that were unaffected. The structures of RNAP1 and RNAP2 were also quite similar, with the largest deviations of ppGpp could fit into the experimental ED in two alternative orientations, designated as 5Ј and 3Ј for the proxim-‫5-4ف‬ Å observed for peripheral domains, far away from the active center and the ppGpp binding sites (Figure ity of the 5Ј and 3Ј diphosphates of ppGpp to the active site Asp residues ␤Ј739, ␤Ј741, and ␤Ј743. Whereas 1D). These conformational differences between RNAP1 and RNAP2, which are probably induced by crystal ppGpp in the 5Ј orientation fit better to the ED in RNAP1, the 3Ј orientation was preferable for ppGpp modeling packing rather than by binding of ppGpp, gradually decrease toward the active center and ppGpp binding site in the ED of RNAP2 (Supplemental Figure S1 ). Complete refinements of the RNAP/ppGpp complex structures to maximal deviations of ‫2-5.1ف‬ Å in the C␣ positions ( Figure 1D) . Notably, the largest differences in conformawere carried out in an identical manner for all three potential modes of ppGpp binding: both ppGpp moletions between RNAP1 and RNAP2 involve the subunit, the ␣ subunits, and ␤ subunit domain (␤134-␤349) (Figcules In particular, the ␤ domain likely interacts with the NT DNA strand in the discriminator region, which in both RNAP molecules after refinement, as ppGpp contribution to the other major crystallographic criteria consequently may affect its orientation/conformation. Notably, the ␤ domain forms an extensive hydrophobic (R free and stereochemical quality of the entire structure) Figures 1A and 1B) . Second, each of them has at tures (Cashel et al., 1996) . It is therefore possible that the differences between the two RNAP molecules might least three oxygen ligands maintaining nearly octahedral coordination (see Supplemental Table S1 at Cell webmimic those induced during the open complex formation at positively and negatively regulated promoters. Altersite). Third, the Mg 2ϩ coordination bonds with oxygen ligands that range from 2.2 to 2.4 Å , which is considered natively, in the absence of nucleic acids, the 5Ј and 3Ј ppGpp binding modes could be at equilibrium that may too short for the hydrogen bonds formed by water molecules. Moreover, if these atoms are modeled as water be shifted in the crystal by the specific RNAP conformations induced by crystal packing and may also be suboxygens, the B factors go to zero during refinement, the value far below the average B factor of 66 Å 2 calculated ject to control by yet unidentified regulatory proteins. In any case, the structure of the RNAP/ppGpp complex for the solvent molecules ( properties. The cavity on the RNAP surface in which the The ppGpp binding site is located in a substrate entry ppGpp base is buried, however, is too big to provide channel next to the RNAP active center (Figure 2A ). With highly specific recognition of the guanosine base and few exceptions, ppGpp molecules in both the 5Ј and 3Ј to restrict its orientation ( Figures 2B and 2C ). All residues orientations are recognized by the same RNAP residues interacting with the ppGpp guanosine are located in the ( Figures 2B and 2C ). The ppGpp binding site can be regions of the enzyme that are far away from each other divided into three subsites for (1) the proximal (with in space and that do not interact with other protein respect to the active site) diphosphate of ppGpp, (2) residues that might restrict the conformation and orienthe distal diphosphate, and (3) . These findings are consistent with our view that tions are also fixed through hydrogen bonds with two unique and specific contacts between T. thermophilus basic residues, Arg ␤Ј783 and Lys ␤Ј908. These amino RNAP and ppGpp seen in our structure reflect upon an acids are not highly conserved among the RNAPs. In essential and important regulatory interaction. particular, Arg ␤Ј783 is found only in a few species. The sequences flanking Lys ␤Ј908 are divergent, and all are rich in basic residues that may compensate for the abActive Center The two catalytic Mg 2ϩ ions (cMG1 and cMG2) are 4.2 Å sence of Arg ␤Ј783. One Mg 2ϩ ion (pMG2, Figures 2B  and 2C ) is bound to the distal phosphates of the ppGpp. apart in the active site of RNAP1 ( Figures 1A and 2B ). They are coordinated (bonds of ‫4.2-3.2ف‬ Å ) by the three In contrast to pMG1, pMG2 makes no direct interactions with amino acid residues and is probably fixed through canonical catalytic Asp residues ␤Ј739, ␤Ј741, and ␤Ј743 and the invariant Asp ␤686. Asp ␤Ј739 and Asp ␤Ј741 water-mediated coordination. Although the distal subsite is crucial for discrimination of ppGpp from other coordinate cMG1 and cMG2 in a manner similar to that observed in the DNA polymerases/DNA complexes with nucleotides (e.g., NTPs), the binding pocket is not well conserved in sequence, and the binding mode seems bound substrate (Doublie et al., 1998). This is consistent with the universal two-metal-mediated mechanism of to be more flexible than that of the proximal phosphates. The apparent flexibility of this subsite might be imporcatalysis proposed for RNA and DNA polymerases In contrast to RNAP1, only cMG1 is bound to the acts with the ppGpp guanosine base and is in close proximity to the substrate ribose, suggesting that it may RNAP2 active site (Figures 1B and 2C) . This difference likely results from the asymmetry in the ppGpp binding: play a role in discrimination between ribo-and deoxyribonucleotides (Figure 3 ). in RNAP1, the Mg 2ϩ ion bound to the proximal 5Ј phosphate (pMG1) is ‫5.1ف‬ Å farther from the active site than
To evaluate this structural model experimentally, we engineered an E. coli RNAP variant in which the Asn in RNAP2, allowing Asp ␤Ј739 to bridge cMG1 and cMG2 in RNAP1. The water molecule coordinating pMG1 inter-␤Ј458 residue (corresponding to Asn ␤Ј737 in T. thermophilus) was nonconservatively replaced by a serine. acts with Asp ␤Ј739 and may additionally stabilize its conformation to increase affinity for cMG2 (Figures 1A This substitution would lead to the loss of interaction with both ppGpp (base) and substrate NTP (ribose). To and 3B). In contrast, in RNAP2, Asp ␤Ј739 coordinates the proximal pMG1, which is well fixed by the ppGpp test the activity of this variant RNAP in vitro, we took advantage of the multicistronic E. coli RNAP expression phosphates, rather than the low affinity cMG2 ( Figures  1B and 2C) . In RNAP2, the proximal ppGpp phosphates vector that allows for efficient expression and in vivo assembly of even the highly toxic core enzymes (Artsiare closer to the active site, allowing Arg ␤879 to simultaneously make a salt bridge with Asp ␤686 (Figure 3C) . movitch et al., 2003). In accordance with our predictions, the ␤Ј N458S-substituted RNAP exhibited reduced senThus, in agreement with the proposed role for Arg ␤879 in catalysis (Sosunov et al., 2003) , it may prevent cMG2 sitivity to ppGpp at the P R promoter when assayed in vitro (Figures 4A-4C) . In further support of our model, binding by Asp ␤686. In RNAP1, the interactions of Arg ␤879 with Asp ␤686 are much weaker, if they occur at N458S RNAP also exhibited a 20-fold loss of discrimina- ppGpp and NT strand nucleotides are possible upon wild-type Ϫ1C but not the mutant Ϫ1G and Ϫ1T P R promoters with the E. coli RNAP ( Figures 4A, 4B, 4D , and subtle alterations of the RNAP structure ( Figure 5B) . Second, ppGpp in the 3Ј orientation ( Figure 5B) but not data not shown). We also observed congruent effects of substitutions in P R on the open complexes formed by in the 5Ј orientation would be able to form a WatsonCrick base pair with a cytosine in the NT DNA strand. the T. thermophilus RNAP (data not shown). These results are in agreement with the proposition To test whether the predicted base-specific interaction contributes to the ppGpp effect on transcription, we that base pairing between ppGpp and the Ϫ1 NT strand nucleotide plays an important role in transmitting the compared the open complex longevity on P R promoter variants that differ at a single position ( Figure 4A ). The regulatory signal from the alarmone to the transcriptional machinery. We have also constructed the rrnB P1 wild-type promoter has a single C residue at the Ϫ1 position of the NT strand ( Figures 4A and 4B ) and is promoter variants that contain substitutions at the Ϫ1 and Ϫ2 positions (CC in the wild-type promoter). These affected by ppGpp in vitro (Potrykus et al., 2002a) . We constructed mutant P R templates containing either a G substitutions both increased the stability of the E. coli RNAP open complexes and decreased their sensitivity or a T residue at the Ϫ1 position. To avoid complications from ppGpp effects on elongation (Krohn and Wagner, to ppGpp (Supplemental Figure S4) . In contrast, mutations further upstream in the discriminator sequence 1996), we used a simplified in vitro transcription assay that relies on the formation of a single phosphodiester holoenzyme at 37ЊC in 50 l of TB, with ApU at 150 M; ATP, GTP, and CTP at 2.5 M (for 237); or ATP, GTP, and UTP at 2.5 M (for pIA266) with 32 P derived from [␣ 32 P]-GTP (3000 Ci/mmol). Samples Structure Determination and Refinement were heated for 2 min at 90ЊC and separated by electrophoresis in T. thermophilus RNAP holoenzyme was purified as described predenaturing acrylamide gels (19:1) (7 M urea, 0.5 X TBE). RNA prodviously (Vassylyeva et al., 2002) . Crystals of the RNAP/ppGpp comucts were analyzed using a Molecular Dynamics Phosphorimaging plex were obtained under the same conditions as those of the apoSystem and ImageQuant Software. holoenzyme (Vassylyeva et al., 2002) , except that the well solution containing 2 mM ppGpp was added to the crystallization drops.
